‫1.1ف‬ MDa dynactin complex (reviewed in Karki and
. To reconstitutes dynein-dynactin-dependent transport of address how closely cytosol-dependent liposome motilliposomes with much higher efficiency (Muresan et al., ity reproduces dynein-driven vesicle motility, we simi-1996, and this study).
larly measured the speed and processivity of isolated We show that dynein and dynactin alone are not suffisquid axon vesicles. These vesicles retain dynactin (see cient to reconstitute processive, vesicle-like motility of Figures 2D and 3A) , and move in a dynein-dependent protein-free liposomes; an axonal spectrin that binds manner to microtubule minus ends in the absence of directly to acidic phospholipids is also required. Disrupadded factors (Muresan et al., 1996) . With respect to tion of spectrin's interaction with either the membrane speed and processivity ( (Figure 2A ). In addition, an antibody against and Haimo, 1994), we asked whether the liposome motilp150 Glued inhibited liposome motility (Figure 2A ). Control ity we observe in cytosol can be accounted for by nonantibodies and proteins had no effect. Thus, liposome specific adsorption of dynein alone to the membrane. To transport in cytosol is dependent on dynactin. this end, we compared liposomes plus purified dynein to
We addressed whether the role of dynactin is to anchor dynein to the liposome membrane as shown for liposomes in cytosol with respect to their speed and Figure 2B , antibodies to DIC and p150
Glued disrupted cytosol a partially purified fraction of dynein-dynactin on the basis of selective nucleotide-dependent affinity the binding of dynein, but not dynactin, to liposomes, while a control antibody had no effect. We conclude for microtubules. We diluted the ATP/salt-released fracthat liposomes containing acidic phospholipids, like tion (that contained dynein, dynactin, and other microtuvesicles in vivo, bind dynactin, which in turn anchors bule-associated proteins) so that the ARP1 and p150
Glued cytoplasmic dynein via an interaction between DIC and concentrations were comparable to those in cytosol p150
Glued . This is presumably the basis for the dynactin ( Figure 2C ). requirement in dynein-driven liposome motility.
We 
ure 2C). Of those liposomes that moved in the presence
factors for dynactin, we searched for cytosolic proteins retained differentially by liposomes carrying (or lacking) of isolated dynein-dynactin, processivity was reduced when compared to normal cytosol (Table 1) . Processive acidic phospholipids ( Figure 3A) . Liposomes retained only a few polypeptides greater than 116 kDa, and in liposome motility was fully restored when the dyneindynactin fraction was added back to the depleted cytothis region we noticed a highly reproducible pattern. sol ( Figure 2C ), indicating that the isolation procedure Only liposomes carrying acidic phospholipids retained per se did not inactivate dynein or dynactin. We therea conspicuous set of polypeptides at 150 kDa, 200 kDa, fore conclude that dynein and dynactin, while required 220-260 kDa, and 400 kDa. The same polypeptides cofor liposome motility, are not sufficient, but that other purified with isolated axonal ( Figure 3A ) and proteasecytosolic factors are needed. Since liposomes reprotreated vesicles (data not shown). We identified the ducibly retain higher levels of dynactin polypeptides protein at 400 kDa as DHC by its susceptibility to UV/ from cytosol compared to isolated dynein-dynactin ( polypeptide has yet to be identified. The remainder of the paper focuses on the doublet at 220-260 kDa. We recognized an unmistakable resemblance be- We addressed whether axonal spectrin interacts with dynein and dynactin in squid axons by using two approaches. First, dynein and dynactin coprecipitated with spectrin from axoplasm homogenates when axonal spectrin was immunoprecipitated with an antibody against Drosophila ␣ spectrin ( Figure 3C ). Second, we purified cytoplasmic dynein from axoplasmic homogenates by microtubule affinity and gel filtration. The spectrin doublet cofractionated with dynein ( Figure 3D ).
Vesicles and Liposomes that Move to Microtubule Minus Ends Retain
Unlike isolated human erythrocyte spectrin (␣I␤I), the purified squid axon spectrin is retained by liposomes containing acidic phospholipids ( Figure 3E First, using an antibody against Drosophila ␣ spectrin, we asked whether immunoprecipitation of spectrin from Third, we employed a dominant negative strategy, cytosol inhibits liposome motility. This antibody deasking whether spectrin constructs, encompassing eipleted up to 30% of the axoplasmic spectrin ( Figure 3C ), ther the membrane or ARP1 binding domain, disrupt which reduced the frequency of liposome motility events the transport and dynein-dynactin binding of liposomes by 10%-20% compared to mock depletion with a control and vesicles. We used glutathione-S-transferase (GST)-antibody (data not shown).
tagged fusion polypeptides from ␤III and ␤II spectrins Second, we reconstituted the motility of phosphatidic ( Figure 5A ) including: (1) the amino terminus of ␤III specacid (PA)/phosphatidylcholine (PC) liposomes using putrin (␤III-D1), which contains a high-affinity ARP1 binding rified axonal spectrin and the partially purified dyneinsite (E.A. Holleran et al., submitted) and (2) the carboxydynactin fraction (see Figures 2 and 3) . The motility of terminal membrane association domains of ␤III spectrin liposomes increased moderately in the presence of (␤III-D3) and ␤II spectrin (␤II 16-C ), which each contains a dynein-dynactin plus spectrin, compared to dynein-PH domain (Lombardo et al., 1994; Godi et al., 1998). dynactin alone ( Figure 2C) . Interestingly, the velocity These experiments rely on the high conservation among and processivity of the reconstituted moves were similar the actin binding and PH domains of known nonerythroid to those of liposomes in the presence of cytosol and native axonal vesicles (Table 1) .
␤ spectrins (Stankewich et al., 1998 ). (1) ␤III-D1 should compete with endogenous spectrin for ARP1 and inhibit motility by displacing dynein-dynactin, Biochemical measurements also supported the hypothesis. When added to cytosol, the spectrin PH dobut not spectrin, from the membranes and (2) ␤III-D3 and ␤II 16-C should compete with endogenous spectrin for main polypeptides (␤III-D3 and ␤II 16-C ) specifically inhibited the binding of spectrin, dynactin, and dynein to acidic phospholipids and inhibit motility by displacing spectrin and dynein-dynactin from the membranes.
liposomes ( Figure 5D and data not shown). Neither GST nor the A domain of synapsin III had an effect. The ␤III-Motility measurements supported the hypothesis. The three spectrin constructs inhibited dynein-driven motil-D3 polypeptide similarly inhibited rebinding of spectrin, dynactin, and dynein to axonal vesicles, which had been ity of liposomes and vesicles ( Figures 5B and 5C ). Plus end vesicle motility was unaffected, indicating that the extracted with KI and pretreated with neomycin (to displace the resident polypeptides; Figure 5E ). Finally, ␤III-polypeptides act specifically on dynein-based transport. Neither vesicle nor liposome motility were affected by D1 displaced dynein and dynactin, but not spectrin, from axonal vesicles ( Figure 5F ). three negative control polypeptides: (1) ␤III-D1-ABD, missing residues 133-159, which are required for actin In summary, the dominant negative experiments pro-vide strong evidence that the proper anchoring and function of dynactin (and thereby dynein) to liposomes and axonal vesicles require axonal spectrin, which interacts specifically with acidic phospholipids.
Spectrin Is Required for Dynein-Driven Vesicle Transport in Dissociated Axoplasm
To address how broadly this spectrin-dependent motility mechanism functions in vivo, we turned to the intact squid axon. By examining axoplasm extruded from the giant axon, it is possible to visualize by video-enhanced differential interference contrast (video-DIC) microscopy the entire population of vesicles, which move in impressive numbers toward the cell body and synaptic terminal (Vale et al., 1985a) . Axoplasm extruded in motility buffer showed robust, bidirectional vesicle motility. Extrusion of axoplasm in buffer containing 1 mM neomycin caused massive dissociation of vesicles from microtubules, with concomitant reduction in vesicle motility. Due to the large number of free vesicles that exhibited Brownian motion, it was difficult to determine reliably whether the remaining movements were anterograde or retrograde. However, the outcome of the experiment is consistent with the hypothesis that neomycin releases spectrin and thereby dynein-dynactin from membranes, thus detaching vesicles from microtubules.
Introduction by perfusion of the spectrin polypeptides into the extruded but otherwise undisturbed axoplasm showed no clear changes in the number of moving organelles, presumably because the polypeptides did not penetrate well into the axoplasm mass. We therefore gently dissociated the axoplasm with buffer and looked at the edges, where single microtubules appeared separated from the bulk axoplasm. As reported many years ago (Vale et al., 1985a), we saw a tremendous number et al., 1999) , in which assembly of a multicomponent complex at specific membranes involves binding to acidic phospholipids. To illustrate this analogy, we considered the process of directed actin assembly at cell and organelle membranes. In this case, N-WASP initiates localized actin assembly at specific membrane sites by binding, on the one hand, to acidic phospholipids (i.e., phosphatidylinositol 4,5-bisphosphate), and on cruits dynactin. Identifying a GTP binding protein in this process would be an interesting prospect for the future.
We suspect that a PH domain in axonal spectrin may and anti-dynein antibodies. We conclude that spectrin contribute to its interaction with acidic phospholipids has an essential role in the retrograde axonal transport and provide a degree of specificity to dynein recruitof a large number of vesicular cargoes. ids is sufficient to initiate a linkage to dynactin, but that How could assembly of the dynein-dynactin machinmore stable polyvalent interactions between the vesicle ery be directed to specific membranes if acidic phosand spectrin occur in vivo. pholipids were involved in the linkage mechanism?
While the mechanism of dynein-dynactin recruitment Acidic phospholipids, such as phosphatidylserine, are to membranes via a spectrin meshwork bound to acidic primarily located on the cytoplasmic surface of organphospholipids could explain the broad cargo selectivity elles, including axonal vesicles ( In some cases, cytosol (or the low-speed supernatant, S1) to be Unextracted, bidirectional vesicles, KI-extracted vesicles, a lowused in motility assays was first incubated for 30-45 min on ice with speed supernatant (S1), and cytosol were obtained from squid (Lolaffinity-purified antibodies to DHC (2.2 mg/ml), DIC (1.0 mg/ml), igo pealeii) axoplasm and homogenized 1:5 in 1/2ϫ motility buffer: p150 Glued (0.4 mg/ml), control antibody m150-1 (1.0 mg/ml), p50/ 10 mM HEPES-KOH (pH 7.2), 175 mM L-aspartic acid, 65 mM taurine, dynamitin (0.2-0.5 mg/ml), or recombinant spectrin and synapsin 85 mM betaine, 25 mM glycine, 6.5 mM MgCl 2 , 5 mM EGTA, 0.5 polypeptides. Alternatively, vesicles (or liposomes) were incubated mM Dϩglucose, 1.5 mM CaCl 2 , 1 mM DTT, and protease inhibitors, with recombinant polypeptides before adding the cytosol. supplemented with 1 mM ATP (Vale et al., 1985a (Vale et al., , 1985b Muresan In some experiments, liposomes in the presence of cytosol and et al., 1996). Cytoplasmic dynein was purified from axoplasm by an ATP-depleting system (hexokinase, 15 units/ml and glucose, 25 apyrase-induced microtubule binding followed by ATP extraction of mM) were perfused into a flow cell that contained microtubules microtubules and fractionation of the extract over a sucrose density attached to the coverglass. Under these conditions, liposomes gradient (Schnapp and Reese, 1989). In some cases, binding of bound to the microtubules via cytoplasmic dynein. After 30 min, dynein to taxol-polymerized microtubules was induced by either 5 liposome movement was induced by infusion of 2.5 mM ATP into mM 5Ј-adenylyl imidodiphosphate (AMP-PNP) or ATP depletion with the flow cell. 15 units/ml of hexokinase plus 50 mM glucose. Dynein-dynactinMotility Assays with Extruded and Dissociated Axoplasm depleted cytosol was obtained after pelleting microtubules by cenHalf of the axoplasm extruded from one axon was incubated for trifugation. Extraction of washed, pelleted microtubules with 10 mM 30-60 min in buffer containing 1 mM neomycin; the other half was ATP or 10 mM ATP plus KCl (0.4 M, 0.6 M, or 1 M) generated incubated in buffer alone, prior to examination by video-DIC microsdynein preparations containing increasing amounts of dynactin. The copy. In other experiments, axoplasm from 1-2 axons was extruded fraction containing the highest amount of dynactin, termed partially into 5 l of 1/2ϫ motility buffer and homogenized by gentle pipetting. purified dynein-dynactin, was used in this study.
Samples of 5 l were mixed with 1 l of buffer containing recombiSpectrin was purified from squid axons essentially as described nant polypeptides or antibodies, and incubated for 1 hr on ice prior by Cheney et al. (1986) . Erythroid spectrin was purified from fresh to the motility assays. human erythrocyte ghosts by low ionic strength extraction, followed and time between two points of uninterrupted movement on the
